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ABSTRACT

Co0 single crystals having a <100> axial orientation were creep tested

in compression at oxygen pressures of Py = 10-4 atm to 1 atm. Tests were con-
2
ducted over a temperature range of 1000 to 12000C (0.60 - 0.71 Tm) and a stress

range of 850 to 1700 psi. Sigmoidal (S-shaped) creep curves were observed. The
dependence of the creep rate, éZ’ at the inflection of the creep curve on temper-

ature, stress and oxygen pressure was investigated. It was found that

é, « p0'48 06'8 exp-(Q /RT), where Q = 99.8 kcal/mol at p, = 1 atm and
2 O2 (< c 02
87.1 kcal/mol at Py = 10-2 atm. These activation energies for creep suggest

2

that the creep rate, € is controlled by oxygen diffusion.

2’

The operative slip systems were {110}<110>. The creep substructure was

studied by decoration of sub-boundaries by Co 04 precipitate particles and by

3
transmission electron microscopy. Regular arrays of sub-boundaries formed during
creep. A significant fraction of these appeared to be tilt boundaries.

The creep data obtained here were used to develop a qualitative picture

of how Co0 scales may creep during isothermal oxidation of Co.
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INTRODUCTION

Creep is an important factor in determining the ability of an oxide
scale to remain mechanically sound during high teméerature oxidation. The oxide
scale forming at elevated temperatures is usually subjected to increasing mechan-
ical stresses as it thickens. The capacity of the scale to deform plastically to
relieve these mechanical stresses before they cause the oxide to crack or to lose
adhesion to the metal is an important factor controlling the soundness of the
scale.

Grain size, purity, environment, stoichiometry, dispersions of other
phases, and porosity all have a significant influence on the creep properties of
protective oxides. However, the interpretation of operative creep meéhanisms and
the way in which the above-mentioned parameters influence the mechanisms in spe-
cific oxides is still speculative and based on rather tenuous experimental
evidence.

Oxide scales are quite nonuniform in microstructure and attempts to
measure the creep properties of oxide scales are fragmentary(1f3) and difficult
to interpret. A more reasonable approach is to control the experimental variables
as closely as possible by studying pure, single-crystal and polycrystalline pxides
first. In this way the defect concentration, grain size, and porosity are much
more easily controlled and their relative contributions to the creep behavior can

be determined.



This study was undertaken to determine some of the pertinent factors
controlling creep of CoO, including stoichiometry, temperature and stress. This
oxide forms during oxidation of Co-base alloys and its plasticity and adherence
way affect the oxidation behavior. Single crystals were used to eliminate the
influence of grain boundaries, whigh can be very important in the creep of oxides.
Polycrystalline CoO is being studied at present, and the results will be dis-

cussed in a later report.

EXPERIMENTAL PROCEDURE

Creep Specimens

Two cobalt monoxide single crystal boules, grown by the flame fusion
technique, were obtained from Marubeni-Iida (America), Inc. The boules had a
[100] axial orientation and a typical manufacturers analysis (in weight %) was:
Co, 79.70%; Fe, 0.085% max; Cu, trace; Mn, 0.002% max; C1l, 0.0047% max; 504,
0.006% max; Pb and other heavy metals, 0.0002% max.

Each boule was oriented by Laue back reflection and was then sectioned
parallel to the (100) plane as shown in Figure 1 using a diamond cutoff wheel.
Cylindrical.creep specimens having a [100] axial orientation were ultrasonically
trepanned from each section. After machining, the specimens were cleaned in

methyl ethyl ketone and the end faces of the specimens were ground parallel on

#600 SiC paper.

Creep Testing

Creep experiments were performed in compression under a controlled

atmosphere. Figure 2 shows a schematic of the apparatus design. The furnace,



with heating elements of Super Kanthal (MbSiz) was controlled to within * 2°C

and the temperature gradient along the specimen was less than 1°c. The specimen
was located in an alumina muffle tube which was sealed at both ends by water
cooled 'O' ring seals and bellows arrangements. The gas providing the controlled
atmosphere flowed continuously during the creep test. The flowing gases, con-
sisting of air, pure oxygen, Or argon-oxygen mixtures obtained commercially,

were dried by passing them through Drierite.

The loading platens in contact with the ends of the compression speci-
mens were alumina, as were the loading ram and pedestal. Although no indentation
of the loading platens by the specimen was ever detected, the platens were
replaced after every test. Sheets of 0.001 inch thick platinum foil were placed
between the specimen ends and the alumina in order to inhibit interaction between
the Co0 and A1203. This foil could be peeled off after the creep tests indicating
very little or no interaction between the CoO specimen, platinum foil and alumina
platens.

Specimens were loaded directly through the top loading ram and the
stress was maintained constant by adding the appropriate weights at 0.2% creep
strain intervals. The lower alumina pedestal was fixed to the creep frame, and
the upper alumina loading ram was joined to a water-cooled stainless sEeel ram at
the top of the muffle. The upper load train was rigidly aligned, by & set of
linear bearings as shown in Figure 2.

Creep strain was recorded continuously during the creep tesé using a
linear variable differential transducer (LVDT) to detect the differenée in the
deflection between the bottom of the lower platen and the bottom of tge upper
platen (Figure 2). This arrangement provided a sensitivity of * 60 p in. No
creep of the alumina push rods was observed at the highest temperatur& studied,

1200°¢.



Structural Studies

Optical Metallography

Only surfaces parallel to a {100} plane were examined. Creep specimens
were cleaved on {100} planes parallel to the compression axis. The specimens were
then mounted and mechanically ground and polished, finishing with Linde B-and
microcloth. Most of the structural studies were made on the as-polished surfaces.
Etch pitting studies were also made but the precipitation of a second phase,
Co304, on cooling from the creep temperature modified the substructure formed

during creep. Therefore this technique was not used extensively.

Transmigsion Electron Microscopy (TEM)

Thin foils for TEM were prepared from creep tested specimens by first
cleaving slabs on {100} planes parallel to the compression axis. The slabs were
ground to 0.020 inch thickness and were subsequently jet indented chemically in
H2P04 maintained at 70 to 80°C. The thin areas at the periphery of the hole in
the indented slab were then examined by TEM. Additional details of thin foil

preparation are given in reference (4).
RESULTS

Creep tests were conducted in compression on CoO single crystals having
a <100> axial orientation over a temperature range of 1000 to 1200°C and a stress
range of 850 to 1700 psi. The creep tests were performed in atmospheres having
controlled partial pressures of oxygen ranging from 1 atm. to 10-4 atm. These

were obtained using oxygen, air, or commercial argon-oxygen mixtures.



The specimens were creep tested to only about 8% strain because barrel-
ing of the specimen became significant at higher creep strains and made it
impossible to maintain constant stress during creep. The cross-sections assumed
an elliptical shape during creep, with one diameter showing no change in dimension
and the diameter perpendicular to it showing the maximum increase in dimemnsion.
Table 1 shows how the transverse dimensions and the creep strain varied along the
gage length of a typical specimen. An elliptical cross-section was assumed in
calculating the cross-sectional area after creep. After 8% creep strain, the
strain in the center of the gage length was about 507 larger than the total
compressive strain, causing the true stress in this region to decrease to 0.95
of the initial stress. Hence in the region of the gage length where most of
the creep was produced, the stress decreased continuously during the test, and
at higher creep strains, as barreling became more pronounced, this condition
became more unfavorable. At low creep strains, where barreling was not as pro-

nounced, the stress was assumed to be constant during the creep test.

Creep Properties

The creep curves did not have the classic shape, defined by a primary
creep region of decelerating creep followed by a steady state region of constant
creep rate. Instead, the creep curves were sigmoidal (S-shaped), as shown in
Figure 3. The CoO single crystals exhibited only stages 1 and 2 of the three-
stage behavior typical of sigmoidal creep. Stage 1 consisted of an inflection
in the creep curve shortly after loading, followed by a region in which the creep
rate increased with increasing creep strain. The inflection, having a slope, él’
resulted from the creep rate decreasing immediately after loading before it began

to increase with increasing creep strain. Stage 2 is a region of continuously

decreasing creep rate with increasing creep strain. The creep rate at the



TABLE 1. TRANSVERSE DIMENSIONS AND STRAIN DISTRIBUTION
ALONG SPECIMEN GAGE LENGTH AFTER CREEP

e e i
Loc§1 (b) COm%%gg%ive
Strain, S
s s . s s ) train,
Initial Maximum Minimum !Ao ] AL
Specimen( ) Diameter, Position of Diameter Diameter ! Yol 1 ( Z_)
Number inches Measurement (inches) (inches) % f j -0
1c-2 0.168 End 1 0.170 0.166 0.024 .084
" Middle 0.191 0.169 0.135
" End 2 0.173 0.169 0.028

(a) The creep conditions were

1c-2: 850 psi, 1157°C, P, = 1.0 atm.
2
(b) The minimum diameters after creep were used to calculate A_ since the
average of the minimum diameters agreed with the average initial diameter.

inflection in the creep curve dividing regions 1 and 2 is designated ¢ Stage

9"
3, corresponding to steady state creep, with a constant creep rate, was not

observed up to 0.085 creep strain. Presumably it would have been present at

higher creep strains if the effects of barreling had been removed and the creep

test continued(s). t, and t, in Figure 3 have often been

The quantities €, t, 2



used in describing sigmoidal creep curves, and they are included in the summary

of the creep results in Table 2. The terms €, and t2 are the strain and time of

the inflection, respectively.

Sigmoidal creep curves have often been observed in non-metallic single

crystals during creep, e.g., Ge(6-11), Si(ﬁ’lz’IB), InSb(14’15), LiF(16’17), doped

(5 (20)

AgBr s NaCl(ls), U02(19), A1203 s and Fe0(21). Although a rate corresponding
to él has not been reported, this may be a matter of the sensitivity of the strain
measuring device.

In the absence of a steady state creep rate, and because of the wide

scatter and low values of él’ only the creep rate €, was used to characterize the

2
creep behavior of the CoO crystals. The creep specimens were machined from two
as-received single crystal boules of CoO, and specimens from both of these boules
were used to determine the temperature, stress, and po2 dependence of é2.

Considerable variations in the values of é2 were observed between the
two boules employed, but data from specimens taken from a given boule were self-
consistant. This difference in creep properties between the boules persisted over
a range of temperature, stress, and Py - By assuming that the difference between
boules was not dependent on temperaturi, stress, or poz, the variations in the
plots of temperature, stress, and p02 dependence of éz could be reduced consider-
ably by multiplying the experimental values of é2 from one of the boules by a
factor of 3. The solid data points in Figures 4-6 are from one boule and have
been multiplied by this factor. This treatment was necessary in order to allow
a meaningful analysis of results.

An optical emission analysis was performed on each boule to determine

whether the difference in creep properties between the boules was due to impuri-

ties. The levels of impurities in each boule were identical within the accuracy
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of the technique. The results of the analysis in weight percent were Si, 0.001-
0.002; Mn, 0.02; Fe, 0.05; Mg, 0.01; Al, 0.008; Cu, trace; Ni, 0.1, Ca, 0.003;
other elements were sought but not found. Therefore any iﬁpurity effect must be
attributed to a difference in concentration of impurities below the level of the
sensitivity of this method of analysis. A difference in the grown-in dislocation
substructure could also have been responsible for the difference in creep-
strength of the two boules, but such a variation could not be observed.

The temperature dependence of éz was measured at a constant stress of
850 psi and under two partial pressures of oxygen, Py = 1 atm and 10“2 atm, and
2

the results are shown in Figure 4. The slopes of the least mean squares lines

give apparent activation energies of Qc = 87.1 # 2.3 kcal/mol at Py = 10-2 atm.
2
%
and Q, = 99.8 # 7.7 kcal/mol at Py = 1 atm.
2
The stress dependence of €, is shown in Figure 5 for Py = 1 atm and a
2

test temperature of 1000°C. The results can be represented by a power law,

2

éz o On, where the least squares fit to the points gives n = 6.8 £ 0.8. This is

larger than values reported for single crystals of other ionic compounds with

the NaCl crystal structure, e.g., n = 4.15 in Fel-x0(21) and n = 5.6 for NaCl

using the replotted data of Ilschmer and Reppich(18). These in turn differ from

the results for single crystals of covalently bonded materials with the diamond

(22), n= 3.3 in InSb(15) and n = 3.0 in 51(12).

structure where n = 3.3 in Ge
However, the higher stress exponent for Co0 is in accord with the tendency for

ionic crystals to have larger exponents than the covalently bonded crystals. In

*
As noted above the solid data points (Figures 4-6) are from one boule and were

obtained by multiplying é2 values in Table 2 by a factor of three. If the
actual uncorrected data are used the creep parameters determined from a least
mean squares analysis give the following results: Q = 77.1 * 12 kcal/mol at
Py, = 1 atm; Q_ = 60.0 % 6.5 keal/mol at Po, 0.01 Stm; ¢, =07.3 0.2,

2 i )
¢, = 053 * 0.12 £or 107 atm g 0.41°% 0.08 ¢,

£1 atm; é, < p
2 270,
1074 atm < po, < 1 atm,

P
0y
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polycrystalline C°1~x0 scales tested in bending, Strafford and Gartside(B)

observed that the steady-state creep rate was proportional to 02_3. The lower

exponent here was probably due to grain boundary effects.

The 1% dependence of é2 is shown in Figure 6 as a power law relation,

2
+
éz o« Po 0.48 ¢ 0'01. From the phase diagram of Co

2
Tannhauser(ZB)

1__XO given by Fisher and

the composition dependence of é2 can be determined. Figure 7

1.75 -
X

shows that according to a power law relationm, é2 o« . In accord with this

3)

study, Strafford and Gartside observed that the steady-state creep rate, és’

of polycrystalline Co0 scales increased with increasing Py - However the creep

2
rate was not very sensitive to oxygen pressure, being és «< Po 0.14 or és &< x0'5.
2
In contrast, é2 « x for polycrystalline Fel_xO(ZI) and similarly és = x for,
| (24)

steady state bending creep of polycrystalline UO . The exact dependence

2+x

of the creep rate on composition will depend on the mechanism of creep. For
example, if a diffusion controlled mechanism is operative, the composition depen-
dence can be related to the concentration of the slowest moving point defect, and
the oxygen partial pressure. Depending on this functional relation, it is possible

to observe different dependencies of the creep rate on Py and x.
2
The point at Py = 10 4 atm in Figure 6 (and x ~ 8 x 10 4 in Figure 7)
2 . 0.48 : 1.75
is significantly above the lines representing e2 < Py and 62 &« x .
2
could be a real effect wherein the creep rate became independent of the oxygen

This

pressure at low Py - However, there was also a possibility that the specimen at
2
Py = 10 4 atm was not at the equilibrium composition before and during creep
2

testing. To investigate this possibility, two specimens, approximately the same
size as the creep specimens, were annealed at 1100°C for 66 hours (the time used
to equilibrate all creep specimens) in Py = 1 atm and Py = 10-4 atm. They

2 2
were water quenched, and then metallographically polished on transverse cleaved
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sections. Figures 8 and 9 show the structures observed. Figure 8 reveals that

after annealing in 1 atm 02, the Co304 particles are small and uniformly dis-
* : -
tributed over the entire cross-section. However, after annealing at Py = 10 4
2
atm the structure was not uniform over the entire cross-section (see Figure 9).

In the as-polished condition no precipitates or structure were observed, but
after etching a gradient in the microstructure appeared, consisting of clusters
of pits in the center of the specimen (Figure 9a) and a clear area at the outside
surface (Figure 9b). Because the microstructure was not homogeneous after the

quench, it is probable that the equilibrium composition was not attained during

the pre-creep 66-hour anneal at Py = 10—4‘atm. The reason for this is clear

from the phase diagram of Fisher aid Tannhauser(23). For C°1-x° at 1100°C and

) = 1 atm, x = 0.008, whereas at p02 = 10-4 atm, x = 0.0008. Thus, there are
ten times as many cobalt vacancies available for diffusion at po2 = 1 atm than at
p02 = 10-4 atm. As the stoichiometric composition is approached, this makes the
approach to equilibrium composition much slower at lower poz. Furthermore,
because the composition became more stoichiometric as p02 decreased, less 00304
precipitated during cooling as shown in Figures 8 and 9. The actual composition

Po

of the specimen at p02 = 10 4 atm was probably equivalent to a composition in
equilibrium with a higher poz. Therefore in Figures 6 and 7 the data points
corresponding respectively to p02 = 10.4 atm and X = 8 x 10-4 would be shifted
to the right.

Deformation Mode

The operative slip direction in crystals having the sodium chloride

crystal structure is predominantly <110>, although <100> has been reported in

These precipitates were grobably formed during the quench, since according to
theOCo/O phase diagrastm(2 ), the material should be single phase above about
950-¢.
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(25) (26,27)

PbS and PbTe . The primary slip planes are {110}, and {100} while

{111] slip planes have been reported under certain conditions(zs).

The slip systems operating during creep in CoO Eould not be identified
directly since no slip lines were visible after creep. However one séecimen did
not deform symmetrically but sheared by a relative sideways displacement of its
end faces. The slip lines were readily visible in this specimen as shown-in
Figure 10. 1In Figure 10a the slip lines are straight and there are large offsets
on the right and left sides of the specimen, indicating that screw dislocations
exit through the (100) plane and the slip direction is parallel to this surface.
In Figure 10b the slip lines are wavy and there are no distinguishable offsets
on the right and left sides of the specimen, indicating that edge dislocations
exit from the (010) plane. Since the specimen axis is a<001> direction, and the 
photographs are parallel to {100} planes, the slip system in Figure 10 is a
<110>{110} system.

The specimen orientation was indexed relative to the specimen shape
after creep. The compression axis was parallel to [001], the minor axis of the
elliptical cross-section was parallel to [100], and the major axis of the cross-
section was parallel to [010]. The identification of the planes parallel to the
photographs in Figure 10 are consistent with this. Thus the slip system in
Figure 10 is the [011](011) system. If one now visualizes the simultaneous
operation of this system and the symmetric slip system, [0?1](011), which would
produce slip lines of the same form perpendicular to those in Figure 10, the
observed shape change and barreling in the specimens which deformed '"normally"

becomes clear.
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Creep Substructure

The dislocation substructure developed during creep could not be
observed in detail because of the local deformation introduced around particles
of (10304 which precipitated during cooling (below ~800°C) from the creep tempera-
ture. Subsequent examination by etch pitting and transmission electron micro~-
scopy, as shown in Figure 11, verified that large numbers of dislocations.were
introduced by these particles, particularly around the larger particles(4).
Therefore the creep substructure was studied on mechanically polished {100} sur -
faces by relying on decoration of sub-boundaries or groups of dislocations by
the Co304 precipitates. This was not completely satisfactory, but it did reveal
some details of the creep substructure. The as-received crystals rarely showed
a decorated sub-boundary.

A specimen creep tested at a high stress, 1700 psi, formed sub~
boundaries during creep as shown in Figure 12. The two plane trace analysis of
Figure 12 indicates that the rows of particles represent planes parallel to (011).
The sub-boundary plane associated with the faint rows of particles parallel to
the specimen axis on the (010) surface_in Figure 12 cannot be identified unequi-
vocally since no particular set of precipitate rows can be associated with them
on the (100) surface. However, they are consistent with (100) twist boundaries
composed of screw dislocations from the two operative slip systems, (011)[011]
and (OIi)[Oll]. These would be parallel to the (100) view.

A regular array of sub-boundaries predominantly parallel to the traces
of two perpendicular {110} planes is shown in Figure 13. This specimen was creep
tested at a lower stress, 930 psi. This {100} surface is in the plane of the
diameter having the largest dimensional increase during creep. Therefore the
{110} traces shown in Figure 13 are parallel to the traces of the active {110}

slip planes, (011) and (011).
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It was presumed that a straightforward relation between the substructure
and slip could be obtained from an examination of the substructure within the
specimen shown in Figure 10. However, no discernible substructural pattern was
revealed by the precipitates as shown on longitudinal secéions in Figure 14.

From the general appearance of the decorated sub-boundaries after creep,
most of the regular boundaries formed during creep are either parallel to (Oiﬁ)
or (011) planes. Also, the spacing between the decorated boundaries decreased
with increasing stress as seen in Figures 12 and 13. However, the conditions
under which the boundaries formed are not clear. Of a series of specimens creep

1 atm, 1000°C and different stresses from 850 to 1700 psi, only

tested at p
0,
the specimens tested at 850 and 1700 psi contained decorated sub-boundaries.
Their absence after creep at 1075 and 1330 psi may be dependent to a greater
extent on the decoration process than on the presence of sub-boundaries. If
conditions during cooling from the creep temperature in some cases favored more
homogeneous nucleation of the precipitate, the sub-boundary pattern would not be
visible. Etch pitting did appear to bring out some sub-boundaries but the results

were not definitive.

Transmission electron microscopy was performed on foils thinned from
slabs cleaved parallel to (100) or (010) planes after creep. Numerous Co304
particles were observed both within the subgrains and within the sub-boundaries
themselves. Individual dislocation loops were visible around small particles,
but the large particles had a general accumulation of dislocation debris
surrounding them. An example of a particle of intermediate size is shown in
Figure 11b. It is cubic in shape, with its faces parallel to the {100} planes
of the Co0 crystal lattice.

Two types of sub-boundaries observed in creep tested CoO single
crystals are shown in Figﬁre 15; ;A sub~boundary in an area away from large

particles is seen in Figure 15a. This foil plane was parallel to the (010)
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plane in the specimen shown in Figure 12. The boundary trace is parallel to
the [100] direction in Figure 15a just as the rows of precipitate are on the
(010) view in Figure 12.

The complication introduced by the particle-induced dislocations made
the Burgers vector determination of the sub-boundaries difficult. The general
line direction of many of the disloéations in the boundary in Figure 15a is
parallel to [100], corresponding to edge dislocations of b = * a/2 [011] or
b=+ a/2 [011], which are the observed slip directions. This would contribufe
tilt character to the boundary. Figure 15b shows a quite regular sub-boundary.
It has the appearance of a twist bounda}y, but the relative tilt-twist character
could not be measured except for a component of misorientation of 0.4° around
[100], which could be contributed by b's of * a/2 [011] and a/2 [011], among
others.

Hence boundaries having the appearance of predominantly tilt and twist
character have been observed by TEM in CoO single crystals after creep. Although
definite identification of the dislocations composing the boundaries could not be
made, their appearance is consistent with the presence of slip dislocations having

b = a/2 [011] and b = a/2 [011].
DISCUSSION

An important point which must be emphasized in this discussion is the
multiplying factor which was applied to the creep rates, éz, from one of the
boules. It is felt that this is justified since it is not unusual to have differ-
ent levels of creepkstrength from two different crystals of a given binary com-
pound. The creep properties can be sensitive to the presence of very small

amounts of certain impurities. Also the grown-in dislocation substructure may
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be different in individually grown single crystals. The attempt to account for
most of the variation by normalizing a very possible real difference in the
relative creep strengths of the two boules is a logical aﬁproach; However the
conclusions drawn must be viewed with this limitation in mind.

The activation energy for high temperature creep of binary compounds
is usually diffusion controlled. Although this usually refers to the steady
state creep rate in region 3 of Figure 3, it also appears to apply to éz.

(29)

Diffusion rates for cobalt in CoO have been measured by Carter and Richardson s

(30)

while oxygen diffusivities have been determined by Thompson , and more recently

by Holt(Bl) and by Chen and Jackson(32). At 0.2 atm oxygen pressure Carter and

Richardson(zg) found the cobalt diffusion activation energy to be 34.5 kcal/%ol.

Diffusivities increased as poo'3 at 1150°C in the region 10-3 to 1 atm Py The
2 2

diffusion coefficient for cobalt at 1150°C and 0.5 atm was 5 x 10-9 cm/sec.

(32)

These results may be compared with those of Chen and Jackson who found an

activation energy for oxygen diffusion of 95 kcal/mol at 0.21 atm oxygen with a

diffusivity of 2 x 10-13 cmZ/sec at 1175°C. The partial pressure dependence of

(30)

the oxygen diffusion rate in Co0 has not been determined. Thompson reported

an activation energy for oxygen diffusion of 36 kcal/mol at 0.13 atm oxygen and

diffusion rates which give an extrapolated value of 1()-10 cm?/sec at 1150°.

(€30

However, it is believed that the more recent studies by Holt

(32)

,» who used the
proton activation technique, and by Chen and Jackson » who used the isotopic
exchange method, are more representative of bulk diffusion of oxygen in CoO.
The results of these two investigators are in excellent agreement.

Diffusion controlled high temperature creep of binary compounds is
usually considered to be limited by the migration of the slower diffusing com-

pound constituent. Using the more recent oxygen diffusion data it is seen that

oxygen diffusion rates are some three to four orders of magnitude lower than
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thé éobaif aiffusivities af 1150°C and 0.2 atﬁ'oxygen'pressuré. ,Alsd;.the
values for Qc at 10-2 atm and 1 atm oxygen, 87.1 and 99.8 kcal/mol, respéétively,
bracket the oxygen diffusion activation energy of 95 kcal/ﬁol detgrmiﬁéd at
2 x 10-1 atm_énd are much greater than the cobalt diffusion aqti§ation,energy of
34.6 kcal/mol. It can thus be concluded that high temperaturé creep of CoO
single crystals under these conditions is controlled by oxygen diffusion.f

If high-temperature creep of Co0 is controlled by oxygen diffusion, it
remains to consider the mechanism for oxygen migration. Assuming that unasso-
ciated point defects predominate at the temperatures employed in this study the
two possibilities are: (1) diffusion via vacancies in the oxygen sublattice or

0.48

(2) interstitial diffusion of oxygen. It has been shown that €,6 < p in the

2 02

range 10-3 to 1 atm. This result suggests that oxygen interstitial diffusion is
the rate controlling process, since the concentration of oxygen vacancies
decreases with increasing oxygen partial pressure while the concentration of
oxygen interstitials is an increasing function of poz. If oxygen diffusion via
vacancies in the anion sublattice were the predominant mechanism, creep rates
should have decreased with increasing Py - Furthermore, from the value of the
exponent, 0.48, it would appear that thezoxygen diffuses as a neutral inter-
stitial species. This conclusion follows from an analysis of the reactions by
which oxygeh may be assumed to enter Co0 as an interstitial defect. Following

the notation of Kroger and Vink(33)

the reaction for neutral oxygen interstitials
'may be written as:
x

X , s L
where 0i is a neutral oxygen interstitial.

If oxygen interstitials act as acceptors of electrons, resulting in the formation

of electron holes, the reactions for the introduction of singly ionized and
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doubly ionized interstitials may be written as:

1/2 0,(g) » 0 +1h (2)

and

1/2 0,(g) » 0 +2h , (3)

where the primes on the oxygen interstitials represent negative charge and h is
an electron hole.

In Co0 the predominant defects are cobalt vacancies(23). At high oxygen
pressures the neutrality condition is [e*] = [Véo] where [e] and [Véo] are the .
concentrations of electron holes and singly ionized cobalt vacancies, respectively.
At low oxygen pressures the neutrality condition is [ef] = Z[Vgo] where [Vgo] is
the concentration of doubly ionized cobalt vacancies. The pressure dependence of
the different concentrations of oxygen interstitials is as follows:

[07] = Poilz @)

independent of neutrality condition,

[0;] &« Po;/45 and [o‘i'] = constant (5)
for [e*] = [v 1,
[0]1 = v, /%5 and [0}] = p021’6 )
for [e] = 2[vy 1,

X . . s .
where [Oi], [0{], and [O;] are concentrations of neutral, singly ionized, and
doubly ionized oxygen interstitials respectively.
Examination of the above equations shows that a pressure dependence
. - 0.48 , . .
of oxygen interstitials close to Py is possible only if neutral oxygen

2
interstitials control the creep.
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While thé results of this study are the first to indicate the
existence of oxygen interstitials in CoO, investigations of oxygen diffusion in
a number of other oxide systems have pointed to similar copclusions. For
example, oxygen diffusion has been found to increase with increasing oxygen

pressure in NiO(34), CuZO(SS), Zn0(36), and most recently Mg0(37).

The possi-
bility that oxygen diffuses as an interstitial defect in oxides is often dismissed
on the basis of size considerations. This argument is valid for interstitial
migration of oxygen as O" which has an ionic radius of 1.32 2. However neutral

oxygen has a radius of 0.60 R and may be expected to migrate with relative ease

through CoO.

It is also quite possible that oxygen migrates via complex point

defects(38). These associated defects might involve either oxygen interstitials

or vacancies. Under the assumption that the predominant point defects are unasso-
; . R . ; -3
ciated singly ionized cobalt vacancies at the creep temperatures (for 10 ~ atm

< Py < 1 atm), the most tenable associated defects whose concentration varies as

1/2 | 1 " ' o X
po2 are (OiVCo) and (2VCOVO ). Here the terms VCo and V0 are cobalt and

oxygen lattice vacancies and the dots represent positive charge. The associated
defect (o;v§p" was first suggested for NiO by Hoch(38). However, the simpler
unassociated neutral oxygen interstitial is consistent with the observed‘p0
dependence of the creep rate and there is no reasom to discount this simplei
defect at present.

The probability that €, is controlled by the migration of one of the

2
compound constituents is consistent with other results in ionic binary compounds
where S-shaped creep curves have been observed. This is in contrast to materials
with a diamond crystal structure in which the rate controlling mechanism for éz

is the glide of dislocations through the crystal lattice. Table 3 summarizes the

activation energies for-éz, diffusion, and dislocation movement for materials in
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which an S-shaped creep curve has been observed. In CoO, NaCl, and UO the

92
creep activation energies are very close to the activation energies for diffusion
of one of the constituent species. In FeO, the activation, energy for oxygen dif-
fusion is not known and it is possible that Qc in FeO relates to oxygen diffusion.
However, in the materials having the diamond structure (Ge, Si, and InSb), QC is
closer to the activation energy for dislocation glide than the activation energy
for diffusion, Qd' |

The value of Qv, the activation energy for dislocation glide, is not
known for CoO. However for the covalent materials, QV ~ 1/2 Qd' In ionic
crystals, with less directional bonding, it would be expected that Qv would be
even lower relative to Qd' Therefore the observation that Qc &de for oxygen in
Co0 strongly suggests that éz is controlled by diffusion rather than by dislocation
gliding.

The model for creep in the covalently bonded materials is based on dis-

(12’15’52). This model predicts S-shaped creep curves in crystals

location dynamics
having a low initial mobile dislocation density. Simply, in region 1 of Figure 3
the number of mobile dislocations is increasing continuously with increasing strain,
causing the creep rate to accelerate. However, in region 2 the dislocation density
becomes sufficiently large that dislocation interactions cause the dislocation velo-
city to decrease resulting in a lower creep rate with increasing creep strain.

This model can also be applied qualitatively to creep in the Co0 single
crystals. 1Initially the mobile dislocation density may be quite low due to pin-
ning by a high density of jogs or because of a low total dislocation density from
annealing 66 hours in situ before testing. The dislocation dynamics model then

1(12,15)

explains the shape of the creep curve. In Haasen's mode and also the

(53)

model of Webster , the temperature dependence of €, is associated primarily

2

with the temperature dependence for dislocation glide. However in CoO this must

be associated with an oxygen diffusion related process.
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Two possible creep mechanisms consistent with a dislocation dynamics

approach are the glide of jogged screws(54’55)

(56,57).

and the glide of charged dislo-
cations The glide of charged dislocations, dragging along an atmosphere
of charged defects to maintain electrical neutrality, is not compatible with the
diffusion of peutral oxygen interstitials since it would be the motion of the
charged point defects’in the charge cloud surrounding the moving dislocationm
which would control the dislocation glide.

Since in Co0O,6cobalt vacancies are the predominant defects, a gliding
dislocation would tend to sweep up mostly cobalt vacancies. The gliding disloca-
tions would havekpredominantly oxygen ions at their jogs giving the dislocations
a net negative charge. Sweeping of oxygen interstitials would cause the same
result. The neutralizing charge cloud must then be composed of positively charged
defects, and even the associated defect (OQVéO)" is not pertinent to this model.

The motion of jogged screws requires the diffusion of both a cobalt and
an oxygen ion to complete a unit forward movement of the jog. In this case dif-
fusion of thé slower moving ion, oxygen, would be expected to be rate controlling.
Also, this would be expected whether oxygen diffused as a simple or a complex
defect or was either charged or uncharged. Therefore, it is éuggested that a
feasible rate controlling process for the inflection creep rate, éz, is the
oxygen diffusion limited glide of jogged screw dislocations. The reason for the
large stress dependence is not clear at present. It may be caused by a stress
dependence of the mobile dislocation density or possibly even the jog density.
This discussion, of course, is pertinent only to the inflection creep gate, éz.
If steady-state creep had been reached in the present investigation, it is very

possible that here another controlling mechanism, e.g., climb, could be

operative.
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Substructure

The sub-boundaries decorated by the Coq0, particles (Figures 12 and 13)
may be either tilt boundaries created by climb of edge dislocations out of the
(011) and (011) glide planes, or glide dislocations lying in the glide planes.
However, if the glide planes were so well defined by a high density of glide
dislocations that they were preferentially decorated by the C0304 precipiéate,
it would be expected that large slip offsets would be visible on the surface with
a spacing between them comparable to the spacing between the decorated boundaries.
This has been observed in high temperature creep of molybdenum single crystals.‘SS)
However no such slip bands were observed by optical microscopy (except in the one
atypical case shown in Figure 10). Hence the decorated boundaries are probably
sub-boundaries formed during creep, consistent with those observed by transmission
electron microscopy in Figure 15. They were probably formed after the inflection
of the creep curve, at larger creep strains where steady state creep was
approached. The possibility of (100) twist boundaries, too, is entirely con-
sistent with the formation of regular sub-boundaries where only two slip systems
are operative(SS).

The absence of sub-boundaries in the specimen which deformed By slip
on predominantly one slip system (Pigures 10 and 14), may indicate that without
the presence of a second set of dislocations having a different Burgers vector
there are not sufficiently strong barriers to initiate the tilt wall formation

or to pin them, once they have formed(SB).
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Relevance of Creep Results to Oxidation Behavior

The work on this program of Kofstad, Hed, and‘Billman has shown that
Co0 scales form during oxidation of Co and Co-Cr alloys. The conditions they

studied, where CoO layers formed, are:

pure Co: 900-1300°¢C, p, = 0.1-760 torr
2
Co-Cr, where Cr < 10%: 900-1300°¢, p, = 0.1-760 torr
2
Po ~ 100-760 torr.

2

Co-25% Cr: 900-1300°¢C,

It is of interest to examine how CoO scales may creep in situ (i.e.,
during oxidation) and how the plasticity (or lack of plasticity) can influence

scale morphology, adherence, and the general oxidation behavior. For purposes of
discussion only the more simple case of oxidized pure Co will be considgred. An
example of such a scale is shown in Figure 16a. Here the pure Co specimen was
oxidized for 6 hours at 1100°C in an atmosphere of pure oxygen. The Co0 scale
(0.24 mm thick) is seen to have numerous pores, which are more concentrated near
the metal/oxide interface. Although the scale appears to have separated from
the metal*, it is probable that it was adherent at the oxidizing temperature.

In this system the metal/oxide interface remains nearly fixed and the
oxide grows by cation diffusion through the Co0 and subsequent reaction with
oxygen at the oxide surface. ©Since the molar volume of the Co0 formed is greater
than the molar volume of the Co from which the oxide formed (¢, the Pilling-
Bedworth ratio, is 1.8) compressive stresses probably are present in the scale at
temperature. The magnitude and distribution of the stresses depend on: the
degree of adherence of the scale to the metal (nature of the oxide/metal inter-

face), the available plasticity of the scale (by which stress may be relieved by

It is possible that the black region at the Co/Co0 interface is not a sepa-
ration, but rather a polishing effect.
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creep) and the number and distribution of pores (which are potential stress

concentrators) .

It was found that the inflection creep rate, éz, of Co0 single cry-
stals was related to composition, x in C°1-x°’ and stress, 0, by the propor=-

tionality

éz « x1'75 06'8, at constant temperature . (N

Two hypothetical and highly simplified situations (Figure 16b and c) represent
the influence of composition and stress in an oxide scale on the predicted
scale creep rate. The conditions considered are: T = 1100°¢ and Py = 1 atm,
since these correspond to the conditions under which the scale in Eigure 16a
was formed and also to conditions under which CoO single crystals were creep
tested. The actual stress levels chosen may not be representative of stresses
in the scales at temperature. However they represent stresses where creep
data are available, thus simplifying the calculation of relative creep rates.
Thus the diagrams in Figure 16b and ¢ are probably reasonably correct in rela-
tive terms, but not necessarily accurate on an absolute basis. 1In plotting
Figure 16b and c the following assumptions were made:
Figure 16b
(a) The stress was constant (850 psi) across the whole scale
thickness. No relaxation occurred by creep of the Co
substrate.
(b) The value of X at the surface was 10-2, which is approxi-

‘mately the equilibrium value at 1100°C and Py =1 atn(?3)

2
(c) The value of x at the metal/oxide interface was arbitrarily

taken to be 10-4. A decrease in x from the scale surface
to the metal is reasonable. Figure l6a (and other micro-

graphs not shown) shows white particles of C0304 which
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precipitated after cooling below ~ 900°C. These are more
pronounced near the oxide surface and are not visible at
all near the metal/oxide interface. This gradation in
C°304 particle density indicates that during oxidation x
was higher at the oxide surface.
(d) A straight line was drawn for the cbmposition-distance;
profile, which assumes that log x < Ct where t = scale
thickness.
(e) The possible influence of porosity was ignored.
Figure 16¢c
(a) The stress was highest at the oxide/metal interface
(850 psi) and decreased linearly to half this value
(425 psi) at the oxide surface. No relaxation occurred
by creep of the Co substrate.
(b) The gradient in x was the same as that in Figure 16b.
(c) The possible influence of porosity was ignored.
1f the above situations were to exist at a point in time during oxida-
tion, then at that time it is seen that: (1) in Figure 16b, the CoO near the
surface would creep ~ 2 x 103 times as fast as the oxide adjacent to the Co sub-
strate, and (2) in Figure 16¢, the CoO near the surface would creep ~ 20 times
as fast as the oxide adjacent to the Co substrate. These observations of course
must be regarded only as hypothetical, since: |
(a) The true stress distribution at any point in time is not
really known. However, the compressive stresses in the Co0
scale would be expected to be largest immediately adjacent to
the oxide/metal interface where the scale adheres to the metal

substrate. During oxidation of Co, the oxide grows at the
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oxide/gas surface where the volume difference between the

metal and oxide can be accommodated largely by growth

normal to the oxide scale. Therefore it is expgcted that

Figure 16¢c is more representative of the actual situation,

since the stress is probably a maximum at or near the

metal/oxide interface and decreases (possibly even to zero)

at the oxide surface.

(b) The stress distribution probably changes with time,

i.e., as creep occurs stresses are relaxed and the formation

and growth of voids influences the stress

distribution.

(c) The true composition-distance (x vs. thickness) profile

is not known.

(d) The calculations were made using Equation (7), which

represents creep results for single crystals. Polycrystalline

creep data (which are presently being obtained) would probably

provide more accurate results, since the CoO scales are poly-

crystalline.

In light of the above discussion it is useful to consider the gradation
in porosity shown in Figure 1l6a. It can be concluded that the oxide is inher-
ently more plastic near the surface than at the Co/CoO interface, as a result of
the composition variation. Also the stresses are more relaxed at the surface
since creep is easier. These factors would favor fracture of the scale at or
near the metal/oxide interface. This is consistent with the observation of a
higher void density near the Co/CoO interface. Microcracks could have formed
here initially, and subsequent vacancy condensation could account for their

rounded appearance in Figure 16a.
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It is obvious that a rigorous and comprehensive description of the
in situ creep behavior of Co0 scales during oxidation of Co will be very com-
plicated. Before this can be realized it will be necessary to have details of:
(1) the magnitude and distribution of stress in scales, and how these vary with
time, scale thickness, and temperature, (2) an accurate composition-distance
profile (x vs. thickness), and how this varies with time and temperature, (3)
how the scale adherence is influenced by temperature, and (4) a knowledgé of
how creep in the Co substrate can assist in relaxing stresses in the oxide
scale, e.g., slow tensile creep rates in the Co substrate would aid in relieving
compressive stresses in the oxide.

The above discussion, of course, pertains only to oxide scale creep
during isothermal oxidation. 1In many applications oxidized metals are thermally
cycled. During the cycling, stress magnitudes and distributions change as a
result of differences in thermal expansion between the metal and oxide. Further-
more, metals are often subjected to dynamic oxidation situations in a fast moving
gas stream. Here frictional forces and impact by foreign particles can alter the
stress state in the scale. These complications ultimately must be taken into
account before there can be a comprehensive picture of how oxide creep and plas~-
ticity can influence the oxidation and scaling of metals in specific applied

situations.
CONCLUSIONS

1. Compression creep curves of CoO single crystals with <100> compression axes
have a sigmoidal shape.
2. The activation energy for the creep rate at the inflection of the creep

curve, é2’ was 87.1 * 2.4 kcal/mol at Py = 0.1 atm and 99.8 * 7.7 kcal/mol
2
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at p, = 1.0 atm. These values are in good agreement with the activation
2
energy for self diffusion of oxygen in Co0, 95 kcal/mol at Pp = 0.2 atm.
. 6.8 + 0.3 2
3. The stress dependence of €, was é2 < g .
+
4. The oxygen pressure dependence of éz was é2 x p00.48 - 0'01.
2

5. The composition dependence of é2 in terms of Col_xO was éz = x1'75.

6. The slip systems were of the type <011>{110}.

7. Sub-boundaries formed during creep were observed by decoration with Co304
precipitates. These boundaries were parallel to (011){011} and may be
either tilt or glide boundaries.

8. It is probable that oxygen diffusion controls the creep of CoO single
crystals over the range of conditions investigated in this study. The
predominant creep mechanism may be the glide of jogged screw dislocations,
their motion being controlled by diffusion of neutral oxygen interstitials.

9. A quantitative description of CoO scale creep during oxidation of pure Co
is very difficult. It can be said, however, that the scale at the surface

will be more plastic than the CoO near the metal/oxide interface.
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Figure 2. Compression Creep Furnace for Creep Testing
in Controlled Atmospheres
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Figure 3.

Schematic of a Typical Compression Creep Curve of
Co0 Single Crystals Having a <100> Compression Axis.
Stages 1 and 2 were actually observed in creep tests.
See text for discussion of Stage 3.
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Precipitate Distribution in a CoO Single Crystal
Annealed 66 Hours in One Atmosphere of Oxygen,
Followed by a Water Quench; 850 X
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Figure 14. Polished Sections Through the Specimen in Figure 10.
The precipitates do not indicate any significant
pattern of substructure.
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